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Cav1 calcium channelsCD4+ helper T (Th) lymphocytes orchestrate the immune response and include several types of effectors such as
Th1, Th17 and Th2 cells. They ﬁght against intracellular, extracellular pathogens and parasites respectively. They
may also cause distinct immunopathological disorders. Th1 and Th17 are implicated in the development of au-
toimmune diseases while Th2 cells can initiate allergic diseases. These subsets differ by their TCR-associated sig-
naling. In addition, the regulation of intracellular calcium concentration is not the same in Th1, Th2 and 17 cells.
Our group showed that Th2 cells selectively overexpressed voltage-activated calcium (Cav1)-related channels.
An increasing number of groups report the presence of Cav1-related products in T-lymphocyte subsets. This is
a matter of debate since these calcium channels are classically deﬁned as activated by high cell membrane depo-
larization in excitable cells. However, the use ofmice with ablation of some Cav1 subunits shows undoubtedly an
immune phenotype raising the question of how Cav1 channels are regulated in lymphocytes. We showed that
knocking down Cav1.2 and/or Cav1.3 subunits impairs the functions of Th2 lymphocytes and is beneﬁcial in ex-
perimental models of asthma, while it has no effect on Th1 cell functions. Beyond the role of Cav1 channels in
T-lymphocytes, the identiﬁcation of key components selectively implicated in one or the other T cell subset
paves the way for the design of new selective therapeutic targets in the treatment of immune disorders while
preserving the other T-cell subsets. This article is part of a Special Issue entitled: 12th European Symposium
on Calcium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Variations in intracellular calcium concentration ([Ca]i) represent
a unique fashion to regulate most of the features of cellular biology,
including T-lymphocyte functions. Stimulation through the T-cell re-
ceptor (TCR) is responsible for the activation of several sets of tyro-
sine kinases, allowing the constitution of a signaling platform
recruiting adapters and enzymes coupling the antigenic peptide rec-
ognition to down-stream pathways [1–3], (Fig. 1). Among them phos-
pholipase C gamma generates inositol 1,4,5 tris-phosphate (IP3) that
binds to IP3 receptors located at the endoplasmic reticulum (ER)
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rights reserved.calcium stores from the ER into the cytosol. The intracellular calcium
stores are not sufﬁcient for full-blown T-cell activation and an entry
of calcium from the external medium into the cytosol is required for
sustained calcium signaling. It was known for a long time that calci-
um release activated calcium (CRAC) currents were implicated in
the calcium inﬂux into T-lymphocytes. These currents were charac-
terized by electrophysiological approaches. However, the channels
at the cell membrane supporting these currents and responsible
from store-operated calcium entry (SOCE) were identiﬁed only a
few years ago as ORAI channels [4–6]. These channels are highly
Ca2+ selective; their selectivity is 1000 folds higher for Ca2+
than for Na+ ions. However they have a low unitary conductance
(estimated to be ~30 femtosiemens, which corresponds to ~104
Ca2+ ions ﬂowing through the channel per second at a membrane po-
tential of −100 mV) [7]. Three isoforms encoding ORAI1 to ORAI3
channels have been described and can support CRAC activity although
the roles of ORAI2 and of ORAI3 in lymphocytes are unclear [8].
Patients with mutated ORAI1 and defective TCR-driven calcium
entry display severe immunodeﬁciency supporting a prominent role
of ORAI1 in the activation of T lymphocytes [4,9,10]. The ER STIMmol-
ecules were also recently shown to sense the ER calcium store
depletion upon TCR stimulation, resulting in their conformational
changes and oligomerization [11]. STIM then comes into apposition
with ORAI channels allowing their aperture and an inﬂux of calcium
Fig. 1. Calcium signaling in T-lymphocytes. The recognition of the adequate peptide asso-
ciated with class II molecules from the major histocompatibility complex (MHC) at the
surface of the antigen-presenting cell (APC) by the T-cell receptor (TCR) induced a cascade
of events leading to the activation of phospholipase (PLC)γ, which generates IP3 and diac-
ylglycerol (DAG). DAG activated protein kinases C (PKC). IP3 binds to IP3 receptors (IP3R)
at the membrane of the endoplasmic reticulum (ER) releasing the intracellular Ca2+
calcium stores into the cytosol. The decreased ER Ca2+ concentration ([Ca]ER) is sensed
by STIM molecules that oligomerize and come in apposition with the Ca2+ channels
ORAI at the cell membrane. This results in the opening of ORAI channels allowing a
sustained entry of Ca2+ into the cell and the activation of transcription factors as NFAT.
Besides ORAI channels, T cells or some T-cell subsets would express Cav1 channels that
would open upon TCR engagement. How these channels are regulated remains elusive
but PKC could be implicated in their regulation. It was proposed that Cav1 channels
could be involved in reﬁlling the ER Ca2+ stores. The respective roles of ORAI and Cav1
channels, depending upon the T-cell subsets remain to be deciphered.
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lymphocytes. They have distinct afﬁnities for calcium and roles in
T-lymphocyte calcium signaling [12]. STIM2 would redistribute at
ER-plasma membrane contact sites for higher ER Ca2+ calcium con-
centration than STIM1. Therefore, STIM2 would sense more reduced
ER Ca2+ depletion [7]. This could explain the role of STIM2 in
maintaining [Ca]i in resting conditions [13,14]. Patients with genetic
mutation in STIM-1 [15] suffer from severe immunodeﬁciency as de-
scribed for patients with ablation of Orai1 [4], suggesting that STIM1
plays a prominent role in calcium signaling in T-lymphocytes. Surpris-
ingly, genetic ablation of STIM1 and STIM2 in mouse T-lymphocyte
compartment leads to severe systemic lethal inﬂammatory disease as-
sociated with defective regulatory T lymphocyte development [12].
This subset of T-cells is in charge of preventing the inappropriate activa-
tion of the immune system and of limiting the immune response.
Interestingly TCR stimulation is associated with polarized signal-
ing as shown by an enrichment of calcium [16] and other ionic chan-
nels near the immune synapse, an area where the T cell membrane
contacts the antigen-presenting cell [17]. Another important feature
of the regulation of [Ca]i is the control of the electromotive driving
force that maintains the electrochemical gradient of Ca2+ required
for allowing Ca2+ entry. The calcium entry is presumed to cause cell
membrane depolarization resulting in the activation of voltage acti-
vated potassium (Kv). In parallel the increase in [Ca]I activates
calcium-activated potassium channels (KCa) channels. Both types of
potassium channels can extrude the potassium from the cell and con-
tribute to sustained Ca2+ entry. Noticeably, the levels of expression of
Kv and Kca channels depend on the state of activation and of differen-
tiation of T-lymphocytes [10]. Conversely, TCR-dependent activation
of cationic channels as TRPM4 limits calcium inﬂux and therefore
T-lymphocyte activation [18]. Weber et al. found that TRPM4, a
Ca2+-activated cation channel was expressed at higher levels in Th2
than in Th1 cells [19]. They showed that the inhibition of TRPM4expression increased Ca2+ inﬂux and oscillatory levels in Th2 cells
suggesting that TRPM4 would be implicated in limiting the calcium re-
sponse and the number of oscillations in these cells and would account
for the lower calcium response in Th2 compared to Th1 cells. Of note,
the initial peak induced by stimulation of the Th2 cells analyzed in
this study was almost as high as in Th1 cells and TRPM4 inhibition
seemed to affect more the frequency of oscillations and the plateau
than the initial spike of Ca2+. The role of TRPM4 in inducing cell
membrane depolarization and its putative inﬂuence on Cav1 channel
gating remains to be investigated. Surprisingly, the authors showed
that although Th1-cells expressed low levels of TRPM4, its inhibition de-
creased the peak of the calcium response and the frequency of calcium
oscillations in Th1 cells converting the typical calcium response of Th1
in a calcium proﬁle reminiscent of Th2 cells. How TRPM4 can direct
the calcium shape of Th1 and Th2 cells will deserve further investiga-
tion. It will be certainly important in the future to determine precisely
which ion channels are expressed in the different T-cell subsets as
well as the spatial distribution of these channels during T-cell activation.
TCR stimulation also leads to mitochondrial localization near the
immune synapse, favoring the buffering of Ca2+ after its entry [20].
TCR-elicited [Ca]i rise activates calcineurin, a phosphatase that
dephosphorylates the transcription factor NFAT into the cytosol,
allowing its translocation where it binds to target genes. This scheme
accounts neither for the heterogeneity of calcium responses induced
by TCR stimulation depending upon the state of activation and dif-
ferentiation of T lymphocytes nor for the possible implication of
other calcium channels at the T-cell membrane.
2. Regulation of intracellular calcium concentration in effector
T-cell subsets
2.1. Effector T-cells
Wewill focus mainly on CD4+ T-lymphocytes that orchestrate the
adaptive immune response. Naïve CD4+ T cells are exported from the
thymus and can differentiate in a variety of effector subsets after en-
countering professional antigen-presenting cells that express the ap-
propriate antigenic peptide-class II major histocompatibility complex
[21,22], (Fig. 2). Depending upon the strength of TCR stimulation, the
chronicity of antigenic exposure, the route of antigen administration
and the cytokines present during T-cell differentiation, CD4+ T cells
can differentiate into Th1, Th2 and Th17 cells that produce distinct
sets of cytokines and exert different functions. In addition, these sub-
populations express lineage speciﬁc and common transcription factors.
Th1 cells produce gamma interferon (IFN-γ) and are implicated in the
eradication of intracellular pathogens, viruses; Th2 cells produce inter-
leukin (IL)-4, IL-5 and IL-13, contribute to the elimination of parasites
and Th17, producing IL-17 and IL-22, participate in the elimination of
extracellular pathogens such as fungi. These subsetsmay also be patho-
genic. Th1 and Th17 can promote autoimmune diseases, whereas Th2
cells can cause allergic diseases. Th2 cells in particular can induce all
the cardinal features of allergic asthma through all the cytokines they
produce (Fig. 3).
2.2. Regulation of intracellular calcium concentration in effectors
Naïve CD4+ T cells express ORAI1, 2 and 3 while effector lympho-
cytes would express mainly ORAI1 explaining why Orai-1 gene
inherited mutations leading to defective ORAI1 expression has such
a strong impact on human effector T-cell functions [23]. Results are
less clear by studying the impact of ORAI1 ablation in mouse lympho-
cytes suggesting at least partial redundancy between ORAI molecules
in mouse T lymphocytes [24,25].
The regulation of [Ca]i is different in resting conditions and follow-
ing stimulation through the TCR in effector T-cell subsets [26–33]. It is
broadly admitted that the concentration in [Ca]i in resting conditions
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Fig. 2. CD4+ T-cell subsets. Depending upon the cytokines present during differentia-
tion, naïve CD4+ T cells can differentiate in several subsets of effector lymphocytes in-
cluding Th1, Th2 and Th17 cells that differ by the transcription factors they express, by
their production of cytokines, by their functions and by their capacity to induce
immune-mediated diseases. Regulatory cells (Treg) counteract effector T lymphocytes;
they limit the inﬂammatory responses. IL=interleukin.
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depending upon the authors and the cells analyzed. For example,
Fanger et al. suggested that the baseline [Ca]i is around 70 nM in Th1
cells versus 100 nM in Th2 cells [30]. Gajewski's group reported that
the resting [Ca]i was around 50–60 nM in Th1 cells versus 100–
170 nM in Th2 cells [33]. The shape of [Ca]i elicited by TCR engagement
is also different in Th2 cells compared with Th1 or Th17 lymphocytes.
Some authors reported that the increase in [Ca]i was low in Th2 cells,
when compared with the calcium response in Th1 cells [27,29,33].
Weber et al. showed that themaximal increase in [Ca]i during the initial
phase of TCR activation was quite similar between Th1, Th2 and Th17
[31]. However the level of [Ca]i rise was much less sustained in Th2
when compared with Th1 or even Th17 cells [31]. In some cases, Th2
cells can be obtained in suboptimal conditions of TCR stimulation [34]
or in cases of chronic antigenic exposure [35,36], it would be interesting
to carefully analyze the TCR-induced calcium signal in Th2 cells
obtained in different conditions of stimulation and to compare it with
other effector T-cell subsets. Of note, Th2 cells are relatively resistant
to apoptosis, as compared with Th1 cells [37], which might be related
to the differences in TCR-elicited calcium response in Th2 and Th1
cells. The shape of the calcium response was shown to favor the type
of activated transcription factors. Dolmetch et al. tried to reproduce
the different parts of the calcium response elicited by stimulation of B
cells through their receptor for the antigen by using different doses of
ionomycin [38]. These authors induced a high transient of calcium in
these B cells with 950 nM ionomycin and 5 ng/ml PDBU as an activator
of PKC, followed 40 s later by the addition of 3 mM EGTA to terminate
the spike. In such conditions, the transcription factors NFκB, JNK1 and
ATF-2 were persistently activated while NFATc1 persisted in the nucle-
us only as far as the [Ca]i remained elevated. Conversely, stimulation of
the B cells with 5 ng/ml PDBU plus 24 nM ionomycin for 4 min
followed by the addition of 37 nM ionomycin resulted in a low [Ca]i pla-
teau responsible for the activation of most NFAT with low if any effect
on the activation of JNK andNFκB. It is therefore possible that the differ-
ent shapes of the TCR-driven calcium responses in Th1 and Th2 cells
could condition differential transcriptional factor activation required
for the expression of Th2 or Th1 type cytokines.
Altogether, these data indicate that the regulation of [Ca]i depends
upon the T-cell type; this could result from differences in TCR-driven
signaling pathways and in the equipment of calcium channels,
pumps… In line with this, Fanger et al. [30] showed defective capac-
ities of Th2 cells to extrude Ca2+ from the cytosol. It was suggested
that SOCE activity was more reduced in Th2 than in Th1 cells [30].
However, whether this is due to lower equipment in ORAI channelsor in molecules controlling the electrochemical driving force needed
for calcium entry remains to be determined. Our group showed selec-
tive up-regulation of Cav1 channels in Th2 lymphocytes, which could
contribute to the singularities of Ca2+ signals in Th2 lymphocytes
[39].
3. Cav1 channels in T-lymphocytes
3.1. Cav1 channels
Voltage-gated Ca2+ (CaV1 alias L-type calcium) channels are con-
sidered as characteristic of excitable cells because they are activated
by strong cell membrane depolarization. They are formed by the α1
subunit (containing the Ca2+ pore) and auxiliary subunits (β, α2-δ
and eventually γ) that may interfere with cell membrane expression
and associate with regulatory molecules [40,41]. Four genes code the
Cav1 α1 subunit and the corresponding proteins (Cav1.1 to Cav1.4)
have an expression, which varies depending on the tissues. The Cav1
α1 subunits were also deﬁned as dihydropyridine receptors. Some
DHP have agonist properties while others antagonize the channels,
which is the basis for the treatment of hypertensive patients. Four
genes encode the Cavβ and four genes the α2-δ auxiliary subunits,
which enrich the possible diversity of expressed Cav1 channels.
Three modes of Cav1.2 channel gating exist at the single-channel
level: the mode 0 in which channels open very rarely upon depolari-
zation, the mode 1 in which the probability of opening is low and the
openings are brief, and the mode 2 in which the probability of open-
ing is much higher and the openings are longer. For example,
β-adrenergic stimulation that increases intracellular cAMP induces a
gating shift of cardiac Cav1.2 channels from the mode 0 (in which
Cav1 channels can be activated only by non-physiological stimulation
at very positive membrane potentials) to modes 1 and 2 allowing the
opening of the channels for stimuli depolarizing the cell membrane at
+20 mV, which is in the physiological range in excitable cells [40–42].
3.2. Arguments supporting Cav1 channels as important for calcium
signaling in T-cells
An important matter of debate concerning the putative role of Cav1
channels as calcium channels in T-lymphocyte is related to the fact
that these channels are activated by high cell membrane depolarization
in neurons or cardiomyocytes while the membrane potential of
T-lymphocytes would be around −50 mV and T-cell activation does
not induce cell membrane depolarization. Numerous groups have
shown that pharmacological inhibitors of Cav1 channels such as verap-
amil, diltiazem or the DHP nifedipine diminished TCR-driven [Ca]i in-
crease [43–46] in human T-lymphocytes. In addition, DHP agonist
increased [Ca]i per se in Jurkat or human T cells [43]. However, the effec-
tive concentrations of agonist or antagonist drugs used were 10 to 50
folds higher than those used for analyzing Cav1 channels in excitable
cells. For some authors, the effects of the drugs on T-lymphocytes
were not related to their effect on Cav1 channels but rather to an effect
on potassium channels [47,48]. In these conditions, blocking potassium
channels would diminish the electrochemical driving force required for
Ca2+ inﬂux resulting in decreased T-cell response [47]. On the other
hand, some authors related the absence of voltage-sensitivity of Cav1
channels to their molecular structure with the presence of truncated
forms of the channels lacking voltage sensor [43–46], (Fig. 4). However
these authors did not prove deﬁnitively that Cav1 truncated forms could
mediate Ca2+ transport.
Flavell's group used several approaches for demonstrating the im-
plication of Cav1 channels in calcium signaling and T-cell functions
(reviewed in [49]). This group showed the expression of Cav1.1, 1.2,
and 1.4 transcripts and proteins as well as auxiliary β subunits in
mouse T cells, the expression of which increased after TCR stimula-
tion with anti-CD3 and anti-CD28 in vitro as assessed from day 1 to
hypersecretion of mucus
airway hyper-reactivity
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Fig. 3. Role of Th2 cells in allergy. Th2 cells produce interleukin (IL)4, IL5, and IL13. All these cytokines contribute to the development of inﬂammation with all the characteristics
found in asthmatic patients.
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Cavβ4 null mice (these auxiliary subunits are found in T-cells and
Cavβ subunits are required for a correct expression of Cav1 channels
at the cell membrane) to study the impact on TCR-driven [Ca]i in-
crease. They showed a normal T-cell development but a decreased
calcium response and cytokine production upon activation through
the TCR. Depletion of the Cavβ3 subunit leads to a loss of expression
of Cav1.4 at the protein level in naïve CD8+ T lymphocytes associated
with defective survival and decreased Ca2+ response upon TCRb
a
Fig. 4. Truncated forms of Cav1.4 channels were described in human lymphocytes. a) de-
picts the classical structure of the Cav1α1 subunit with the four domains (in roman num-
bers) composed of six segments (S) each noted from 1 to 6. Each fourth segment S4
contains positively charged amino acids presumed to be important for the voltage sensing.
Upon depolarization, the positive charges would move to the outside (arrows), opening
the channel. b) Kotturi et al. [43,45,46] reported the presence of two truncated forms of
Cav1.4 encoding mRNA resulting from differential alternative splicing in human
T-lymphocytes. The putative structures of the resulting Caα1.4 α1 proteins are shown in
b). In one isoform the segments 3, 4 and 5 of the last domain are missing and therefore
the fourth putative voltage sensor is absent. In the second one, the predicted structure
would lead to the localization of the carboxy-terminus part of the channel at the external
face of the cell membrane. Whether these proteins can really behave as calcium channels
and how they are regulated are still unknown.stimulation [51]. The absence of Cav1.4 would be associated with in-
creased expression of the pro-apoptotic molecule Fas and an increased
susceptibility to apoptosis. In addition, the expression of the
Ca2+-sensitive transcription factor NFATc1 is reduced in Cavβ3 null
mouse T lymphocytes, which could explain the reduced TCR-driven cal-
cium response in naïve CD8+ T-cells [51]. The authors showed that in
baseline conditions, Cav1.4α1 can be found associated with the auxilia-
ry Cavβ3 subunit and signalingmolecules as the tyrosine kinase lck and
Vav. The interaction between the TCR and self-peptideMHC complex at
the surface of antigen presenting cell would initiate minimal Cav1.4 de-
pendent calcium signaling required for T-cell survival. Intriguingly,
Cav1.4 is down regulated in effector CD8+ T cells whereas Cav1.1 is up
regulated raising the question of the respective roles of the different
Cav1α1 subunits in the different T-cell subsets. R. Flavell's group also
showed that T lymphocytes express AHNAK1, a very large scaffolding
protein (around 700 kDa) that binds several proteins including Cav1.1
channels [49,52,53]. Disrupting the gene encoding AHNAK leads to a
decreased Ca2+ response in CD4+ T lymphocytes and IL-2 production
associated with an impaired expression of Cav1.1 at the cell membrane
[52], suggesting that AHNAK is important for Cav1.1 α1 stability in
T-lymphocytes.
Recently, Omilusik et al. showed by using Cav1.4 null mice that this
subunit is required for naïve T-cell survival [54]. These authors detected
voltage-gated currents in naïve T cells once activated through the TCR,
suggesting that activated lymphocytes express putative voltage-gated
channels. The disappearance of these currents in Cav1.4 null T lympho-
cytes suggests that Cav1.4 α1 is responsible for the voltage-gated cur-
rent in naïve T-cells. Thapsigargin is an irreversible inhibitor of the
Ca2+ ATPase SERCA pump, which induces calcium leakage from the ER
to the cytosol, resulting in the activation of ORAI channels. By comparing
the effect of thapsigargin on the calcium proﬁle of Cav1.4 null and Cav1.4
sufﬁcient T-cells, the authors concluded that Cav1.4 could mediate a
basal calcium inﬂux required to ensure a normal Ca2+ concentration
into the ER. Therefore Cav1.4 channels would be necessary for optimal
STIM/ORAI-mediated calcium inﬂux following TCR activation.
3.3. Cav1 channels as selective markers of Th2 lymphocytes
We have shown that Cav1 α1 and auxiliary subunits were detect-
able in mouse CD4+ T cells puriﬁed ex vivo at the mRNA level. We dif-
ferentiated ovalbumin (OVA)-speciﬁc TCR transgenic DO11.10 CD4+
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presenting cells loaded with the 323–339 OVA peptide in the pres-
ence of IL-12 and anti-IL-4 antibodies to achieve Th1 cell differentia-
tion or by using IL-4 and anti-IFNγ antibodies to promote Th2 cell
differentiation. The expression of Cav1.2 and Cav1.3 α1 subunits in-
creased during Th2 cell differentiation but the expression of the
Th2 lineage speciﬁc transcription factor GATA-3 preceded their
up-regulation, suggesting that Cav1 channels were not implicated in
Th2 cell commitment [39]. By contrast, the expression of Cav1α1 sub-
units became undetectable in Th1 cells pleading for a selective role of
Cav1 channels in Th2 cells. We cloned and sequenced the full-length
cDNA encoding Cav1.2 α1 from Th2 cells, showing that Cav1.2 α1
channels have the same structure in Th2 cells as neuronal forms of
the channels. Especially, the four motifs coding the putative voltage
sensors were found in Th2 cells. The α1 subunits were also detected
at the protein level with the expected size for classical Cav1 α1 sub-
units. We did not analyze extensively whether Th2 cells expressed
various splice variants of Cav1 channels and the presence of truncated
forms of the proteins. In some immune-blotting experiments with
anti-Cav1.2 antibodies, we observed bands around 100 kD but we
cannot exclude they resulted from in vitro proteolysis. DHP agonist
was sufﬁcient to induce an entry of Ca2+ into mouse Th2 cells and
IL-4 production. On the other hand, DHP antagonist (5 μM, a dose cur-
rently used for inhibiting Cav1 channels in excitable cells) suppressed
both the TCR-elicited [Ca]i rise and Th2 cytokine production without
any effect on Th1 cells [39]. We have shown that more than half of
the CD4+ T cells collected from the lungs of mice developing experi-
mental active asthma, a disease caused by Th2 cells express Cav1
channels. Moreover, mouse Th2-cells obtained in other conditions
during chronic antigen exposure were also characterized by the ex-
pression of Cav1 channels. Brown Norway rats chronically treated by
heavy metal (HgCl2 or gold salts) injections developed Th2-cell medi-
ated polyclonal activation and subsequent immune glomerulopathy
[55]. These cells also express Cav1 calcium channels. Rat Th1 cells
did not express Cav1 channels. Altogether, these ﬁndings demon-
strate that mouse or rat Th2-cells obtained in various conditions of
stimulation are characterized by the expression of Cav1 channels.
We developed Cav1 antisense oligodeoxynucleotide (Cav1 α1AS)
strategy for knocking down the expression of corresponding subunits.
The decreased expression of Cav1.2 and/or Cav1.3 α1 subunits by
more than 50–60% was sufﬁcient for a dramatic reduction in
TCR-driven [Ca]i rise and subsequent Th2 cytokine production. Trans-
fection of Th2 cells with Cav1 α1AS or treatment of Th2 cells with
nicardipine, a DHP antagonist did not modify the calcium proﬁle in-
duced by thapsigargin, suggesting that Cav1 channels do not support
SOCE.
Transfection of Th1 cells with Cav1 α1AS had no effect on the
TCR-driven [Ca]i increase and IFNγ production. The inhibitory effect
of Cav1 α1 AS on Th2 calcium signaling was associated with a de-
creased ability to induce asthma in adoptive transfer experiments.
Unexpectedly, transfection of OVA-speciﬁc Th2 cells with Cav1 α1AS
did not alter the ability of these Th2 cells to localize in the lungs
and to proliferate when they were adoptively transferred into BALB/c
mice challenged with inhaled OVA. However, these lymphocytes were
unable to promote airway inﬂammation and the number of eosinophils
in the broncho-alveolar lavage ﬂuid was markedly reduced when
compared with the inﬂammatory reaction induced by the transfer of
control Th2 cells that were not transfected or that were transfected
with irrelevant oligonucleotides. The incapacity of Cav1AS-transfected
Th2 cells to induce asthma is probably related to their defective IL-4
production resulting in the inability to promote the differentiation of
de novo host Th2 cells and consequently to a decreased spread of the
Th2 cell dependent-inﬂammatory response. Interestingly, adoptive
transfer of OVA-speciﬁc Th1 cells in mice challenged with inhaled
OVA induce a different type of inﬂammation as the one due to the re-
cruitment of antigen-speciﬁc Th2 cells in the lungs. The OVA-speciﬁcTh1 cell-mediated inﬂammation is characterized by a huge number of
activated macrophages and of neutrophils in the lungs and the
broncho-alveolar lavage ﬂuid. Transfection of OVA-speciﬁc Th1 cells
with Cav1AS prior to their adoptive transfer in mice given inhaled
OVA did not modify the development of inﬂammation. Our results
strongly suggest that Cav1 channels can be therapeutic targets in aller-
gic asthma, provided that they are selectively expressed by human
Th2 lymphocytes. If such is the case, inhibiting Cav1 channels could
dampen Th2 responses while sparing Th1 cell functions useful for ﬁght-
ing against pathogens. The prostaglandin D2 receptor, CRTH2 is a cell
surface marker selective of human memory Th2-cells [56,57]. Our re-
cent data indicate that human CRTH2+ Th2 but not Th1 cells express
Cav1 channels, suggesting that these channels may selectively print
their mark on the TCR-driven calcium responses in human Th2 as in
mouse Th2-cells.4. Potential regulations of Cav1 channels in T-lymphocytes
The role of Cav1 channels in T-cell calcium signaling is highly contro-
versial. Indeed these channels are known as voltage-gated in excitable
cells and their opening probability increases with the level of cell mem-
brane depolarization. It was estimated that the open probability of the
channels could be as low as 10−8 at−70 mV or 10−5 at−50 mV ren-
dering very unlikely the opening of the channels at the cell membrane
potential in resting or stimulated T lymphocytes. However in contrast
to neurons, arterial smoothmuscle cells do not trigger action potentials
that generate high cell membrane depolarization. It was estimated that
increased intraluminal pressure in arteries causes graded depolariza-
tion of the smooth muscle cells over a physiological range of potentials
from −55 to −40 mV [58–65]. These ﬁndings led Santana's group to
deepen the mode of activation of Cav1 channels in arteriolar myocytes.4.1. Possible voltage-independent gating of Cav1 channels in arteriolar
smooth muscle cells
In classical models accounting for Cav1 channel regulation, it is
proposed that membrane depolarization and PKC increase the open
probability of individual Cav1 channels in smooth arteriolar cells. Sto-
chastic activation of single Cav1 channels would increase the Ca2+ in-
ﬂux sufﬁciently to increase [Ca]i and to lead to contraction [58]. In this
model, in average, all functional LTCCs have a similar probability of
being activated at a given voltage. However, recent technical ad-
vances coupling evanescent ﬁeld total internal reﬂection ﬂuorescent
microscopy to patch clamp approaches allowed to show that in arte-
rial smooth muscle cells, Cav1.2 channels can be regulated in different
ways in the same cells, depending whether they are or not associated
with PKC. Single Cav1 channels would open randomly only when cell
membranes depolarize. However, contrary to expectation from classi-
cal models of Cav1 channel activation, Navedo et al. found clusters of
adjacent Cav1 channels operating in a high open probability mode,
which created sites of sustained Ca2+ inﬂux (Fig. 5); [58]. These
sites were not distributed randomly, were active at the resting poten-
tial membrane but they occupied a very small proportion (0.08%) of
the cell membrane in arteriolar cells at a membrane potential of −
70 mV. The persistent Cav1 channel activation in the clusters did
not appear to be controlled by simple stochastic gating but instead
by a PKC-dependent switch mechanism [58]. The association of PKC
with Cav1 channels would increase the opening probability of Cav1
channels at values as high as 0.2 or even at −70 mV, meaning that
very few Cav1 channels can mediate localized calcium signaling pro-
vided that they were associated with PKC. DHP agonists or PKC acti-
vator increased Ca2+ inﬂux by promoting additional clusters of Cav1
channels to operate in persistent Ca2+ inﬂux mode and by increasing
the opening probability of solitary Cav1 channels [58].
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Fig. 5.Model accounting for the double regulation of Cav1.2 α1 channels in arteriolar smooth muscle cells (ASMC). Two pools of Cav1 channels would exist in ASMC, according to L.
Santana's group [58–65]. Isolated Cav1 channels would be voltage gated with an open probability (Po) increasing as a function of cell membrane depolarization (a and b). However
the Po of some Cav1 channels would be very high (0.2), even at the resting potential of the cell, due to Cav1 channel clustering in cell membrane area where they could interact with
PKC. An agonist of PKC would increase the recruitment of Cav1 channels in the clusters and the numbers of clusters allowing an entry of Ca2+ into the cell from the outside (c).
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Several groups including ours identiﬁed Cav1 channels in several
mouse and human T-cell population and the type of Cav1 channels
expressed seem to depend upon the state of T-cell activation and dif-
ferentiation. Although there is no consensus regarding the structure
and the form of Cav1 channels expressed by T-lymphocytes, all
authors agree that these channels are not voltage-operated in
T-lymphocytes. For example, T-cell depolarization by voltage clamp
or by adding KCl in the external medium was not sufﬁcient to get cal-
cium entry.
Several hypotheses are therefore put forward to explain the ab-
sence of voltage sensitivity in T-lymphocytes:
– Stokes and Kotturi described truncated forms of Cav1.2, Cav1.3 or
Cav1.4 channels [41–44]. Kotturi et al. [41,43,44] reported the se-
quences and the expected structures of Cav1.4 related channels,
one of them being devoid of one of the four putative voltage sen-
sors contained in each of the fourth segment of the four domains
of classical Cav1 α1 subunits (Fig. 4). Such channels that would
be generated by alternative splicing events would be no longer
voltage-gated but they would be implicated in TCR-driven calcium
inﬂux. However, the authors did not demonstrate that such was
the case and they did not approach the mode of regulation of the
related-Cav1 channels.
– An alternative is that Cav1 channels are structurally similar to
classical Cav1 α1 found in excitable cells. Interestingly, Omilusik
et al. who showed the importance of Cav1.4 in T-cell calcium
signaling performed patch-clamp experiments and evidenced
voltage-sensitive calcium channels in activated T-lymphocytes
[54]. These currents had the same electrophysiological character-
istics as classical Cav1.4 α1 subunits and they were no longer de-
tectable in Cav1.4 null T lymphocytes. These results show that
Cav1.4 channels at the membrane of T-lymphocytes might be volt-
age sensitive. However, it is admitted that the cell membrane ofT-lymphocytes does not depolarize upon activation raising the
question of how they are regulated in lymphocytes. These data
are reminiscent of those described in retinal epithelial cells. In-
deed, the authors described that Cav1 channels in epithelial cells
opened at positive potentials in patch clamp experiments, al-
though these conditions of activation were inconsistent with the
cell membrane potential of these cells [66–69]. Moreover, these
authors demonstrated that PKC and tyrosine kinases could regu-
late Cav1 channels in these cells [66].
– The third possibility we favor and which is not fully incompatible
with the second one is based on our ﬁndings in Th2 cells. Cav1.2
and Cav1.3 α1 channels are predicted to be structurally similar
as neuronal forms of these channels. These channels would be
voltage insensitive in physiological conditions. According to the
model proposed by Santana's group in arteriolar smooth cells
(Fig. 5), we propose the following speculative hypothesis. Cav1
channels could be predominantly clustered and associated with
regulating kinases as PKC in localized areas [62]. In addition, the
clustering of Cav1 channels would allow the interaction between
their C-termini tails enhancing the calcium currents they can
support as shown in ventricular myocytes [70]. Our concept is
consistent with data supporting a concentration of signaling mol-
ecules in the immune synapse, the zone of contact between the
T-lymphocyte and the antigen-presenting cell. Consistently, we
have data pleading for a role of PKC in the regulation of Cav1 chan-
nels as PKC activator application was sufﬁcient to induce an entry
of calcium in IL-4 producing-T cells and DHP antagonist abolished
this inﬂux [71]. It will be important to determine which PKC iso-
form could be implicated in the regulation of Cav1 channels in
Th2 cells and how this PKC is activated upon TCR engagement.
We suspect classical, calcium and diacylglycerol-dependent PKC
to be implicated in the regulation of Cav1 channels. If such is the
case, we need to understand how this PKC is activated and to de-
termine if the slight residual increase in [Ca]i observed after
blocking Cav1 channels is sufﬁcient for the PKC activation.
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activated Cav1 channels in arteriolar myocytes was conditioned by
the reciprocal distribution of Cav1 channels distributed over almost
the entire surface of the cell and PKC, the cell membrane localization
of which is much more restricted [64]. It will be interesting to assess
the distribution of both Cav1.2 and PKC isoforms at the cell membrane
in resting Th2 and in Th2 cells stimulated through the TCR. Santana's
group suggests that Ca2+ inﬂux through persistent Cav1 channels
may be a widespread mechanism generating sustained Ca2+ signals
in many cell types because of the ubiquity and importance of PKC
and Cav1 channels in various tissues [61,65].
5. Pending questions
Important questions remain unanswered regarding how Cav1 chan-
nels work and why such a diversity of Cav1 α1 and auxiliary subunits
would be used for generating diversiﬁed calcium responses depending
upon the T-cell subsets and their state of activation. As discussed in
the previous paragraph, it will be important to determine undoubtedly
whether and how Cav1 channels work in T lymphocytes with a special
focus on Th2 cells. An intriguing issue is whether and why the Cav1
channels provide a calcium signature that is the property of Th2 cells.
Also important will be to determine how Cav1 channel encoding
genes are regulated at the transcriptional level in developing Th2 cells.
It will be crucial to integrate the roles of the diverse intracellular and
plasma cell membrane calcium channels in the different type of T cell
effectors. Nothing is known at this time regarding the respective poten-
tial roles of Cav1 and ORAI channels in Th2 lymphocytes neither on the
reciprocal regulations of these two pathways. Transfection of Th2 cells
with Cav1 speciﬁc antisense oligonucleotides reduced selectively the
expression of the corresponding channel but it did not affect the expres-
sion of key components of [Ca]i regulation such as STIM, ORAI, Kv and
Kca channels [39]. However, we constantly observed that knocking
down Cav1.2 or Cav1.3 channel expression by Cav1 AS profoundly de-
creased the TCR-driven increased [Ca]i: the analysis of the area under
the curve integrated over the ﬁrst 10 min of TCR stimulation reveals
that the residual calcium signal in Cav1 AS transfected Th2 cells
was 15 to 20% of the signal in control Th2 cells meaning that around
80% of the calcium signal depends on Cav1 channels in activated
Th2 cells, with the rest of the signal depending upon other calcium
channels such as ORAI channels. Alternatively Cav1 channels would
act prior or upstream of other calcium channels including ORAI chan-
nels. In that respect, Cav1 channels are known to interact directly or in-
directly with ryanodine receptors that are calcium channels located at
the membrane of the RE. Therefore, it can be hypothesized that Cav1
channel-depending release of RE calcium stores through ryanodine re-
ceptors could result in STIM localization near the ER-cell membrane
junctions and ORAI channel opening. Such ryanodine receptors are
expressed in Th2 cells (unpublished). The role of other ion channels
as potassium channels or non selective calcium channels as TRPM4 in
regulating (positively or negatively) will be an important issue for
understanding the contribution of Cav1 channels to the TCR-driven
calcium response.
It was recently shown that STIM1 could represent a checkpoint; it
would regulate the entry of calcium through ORAI and in parallel, it
would inhibit Cav1.2 expression and functions at the cell membrane
[72,73]. It would be interesting to assess how the balance between
Cav1 and ORAI-mediated calcium inﬂux is regulated. Determining if
and how STIM1, ORAI and Cav1 channels crosstalk in T-lymphocytes
will be a challenging issue.
Whatever way Cav1 channels act especially in Th2 cells, the iden-
tiﬁcation of key molecules implicated selectively in Th2 calcium sig-
naling (Cav1 and possibly other components to be identiﬁed) could
have therapeutic impact in the treatment of allergic diseases while
sparing the biological functions of other subsets of effectors such as
Th1 cells useful in the ﬁght against pathogens.Financial support
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